• Two types of bioinspired imaging systems, i.e. tunable electronic eyeball cameras and artificial compound eye cameras, are introduced.
Introduction
Evolution has created remarkable imaging systems with many attractive attributes [1] [2] [3] [4] . For example, human eyes use simple optics to collect light rays from the environment and focus them onto a hemispherical retina to form sharp images [5, 6] . This type of imaging system has the advantage of optimal photonic usage in order to guarantee maximum light sensitivity and high spatial * Corresponding author.
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resolution [1, 2] . Another type of imaging system is compound eyes that are commonly found in arthropods. A compound eye is usually composed of hundreds or thousands of individual units, i.e. ommatidia, on a curved surface. Each ommatidium has its own optical lens and light detector for imaging purpose [5] . Such structures of compound eyes, although cause reduced resolutions, can provide very wide field of view angle, low aberration, high sensitivity to motion and infinite depth of field [7] [8] [9] .
Due to their remarkable characteristics, bioinspired imaging devices have great potential in medical, industrial and military applications [10, 11] . However, almost all biological eyes adopt curvilinear imagers [11] , which does not comply with established optoelectronic systems that are hard, rigid and planar, owning the inherent 2D nature of established materials processing technologies and intrinsic brittle nature of inorganic semiconductor materials [12] [13] [14] . This mismatch in mechanics and forms greatly hinders the development of bioinspired digital cameras, with photodetector arrays wrapped onto curvilinear surfaces in order to achieve imaging performances comparable to biological counterparts.
Thanks to the progress of stretchable electronics, researchers have successfully realized curvilinear optoelectronics [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Mechanical stretchability and flexibility have been introduced into otherwise rigid and brittle optoelectronic systems by utilizing advanced mechanics principles and structural designs, so that photodetector arrays can be wrapped onto curvilinear surfaces without noticeably affecting their operating performance [25] [26] [27] [28] [29] [30] [31] . For example, Ko et al. [25] developed a fully functional hemispherical electronic eyeball camera that mimics the structure and function of human eye. In this work, silicon photodetectors were connected by buckled, stretchable interconnects to form a mesh layout, such that mechanical stretchability of the array is achieved. This layout of photodetectors was first fabricated in planar geometry, by using established semiconductor processing steps, and then transformed into hemispherical shape to resemble the geometry of retina in human eyes. Impressive imaging capability has been demonstrated with a simple plano-convex lens.
One drawback of this imaging design, adopted by both the electronic eyeball cameras and human eyes, is that the detector curvature is fixed. However, some recent progresses in optoelectronics require dynamically tunable optical properties in a controllable manner. Different tuning mechanisms, such as strain [32, 33] , hydraulics [34, 35] , stimuli-responsive hydrogels [36, 37] , and others [38] [39] [40] [41] have been reported to achieve tunable optics. To achieve tunability in imaging systems, Jung et al. [42] designed a tunable hemispherical eyeball camera system, with curvatures of both the optical lens and the hemispherical imaging plane coordinately adjustable to realize zoom capability. In this design, the stretchable photodetector array was bonded onto a thin elastomeric membrane, which is then mounted onto a hydraulic chamber. By adjusting the hydraulic pressure, the deformed shape and thus the curvature of the hemispherical detector surface can be accurately controlled.
Compound eyes, commonly found in arthropods, represent a distinct imaging system from human eyes [43] [44] [45] [46] [47] [48] . They offer unique imaging characteristics, such as very wide field of view angle, low aberration, high sensitivity to motion and infinite depth of field. Recently, Song et al. [43] have successfully designed and fabricated a digital camera that mimics the apposition compound eyes of insects. Arrays of elastomeric microlenses and stretchable photodetectors were separately fabricated and integrated in their planar geometries, which were then transformed into a hemispherical shape to realize the artificial compound eye camera. This digital camera exhibited an extremely wide field of view angle (160°) and infinite depth of field.
This article reviews recent progresses in mechanics of two types of bioinspired imaging systems. Mechanics of tunable hemispherical eyeball camera will be discussed in Section 2, and mechanics of artificial compound eye camera will be covered in Section 3. In the end, some discussion on future development of curvilinear optoelectronics is also included.
Mechanics of tunable hemispherical eyeball camera
The advantage of hemispherical electronic eyeball cameras over conventional digital cameras is that they can achieve superior imaging quality with simple optics [25, 30] . This could lead to lighter, simpler and cheaper digital cameras. However, the disadvantage is that the fixed detector curvature limits their compatibility with changes in the non-planar image surfaces resulting from adjustable zoom. This issue was overcome by Jung et al. They designed a dynamically tunable hemispherical eyeball camera system [42] . In this system, the curvatures of both the lens and detector surface can be accurately controlled by hydraulic pressure. Schematic illustration of the system design is shown in Fig. 1(a) . The camera consists of two main components, a tunable planoconvex lens ( Fig. 1(a) upper frame) and a tunable hemispherical detector ( Fig. 1(a) lower frame) . An elastomeric polydimethylsiloxane (PDMS) membrane was used to seal a water chamber to form the tunable lens. Changing water pressure in the chamber caused the PDMS membrane to deform into hemisphere with desired radius of curvature, yielding tunable optical zoom. The tunable detector was realized by integrating a stretchable silicon photodetector array with a thin PDMS membranes, and then also mounted onto a water chamber. The radius of curvature of the detector can also be tuned by adjusting the water pressure in the chamber. Figure 1(b) presents an optical image of the tunable hemispherical electronic eyeball camera system. To realize imaging capability, curvatures of both the lens and detector have to be adjusted coordinately. Mechanics played important roles in design and fabrication of this camera. It was also critical for system operation, since it gave the relationships between the hydraulic pressure and the curvatures of the lens and detector surface. In addition, mechanics was vital to image post processing, as it provided position tracking of photodetectors during deformation. In the following, we review the mechanics of tunable lens first, and then discuss the mechanics of the tunable detector.
Mechanics of tunable lens
The PDMS membrane in the tunable lens is a nearly incompressible material, and its nonlinear mechanical behavior can be characterized by the Yeoh hyperelastic model, which gives the strain energy density as [49] ,
where C k are material constants,
is the first invariant of the left Cauchy-Green deformation tensor, and λ 1 , λ 2 , and λ 3 are the principal stretches. For PDMS, C 1 = 0.29 MPa, C 2 = 0.015 MPa, C 3 = 0.019 MPa, and λ 1 λ 2 λ 3 = 1 due to incompressibility [50] . As schematically illustrated in Fig. 2(a) , the thickness of the PDMS membrane is t lens , and radius of the opening of glass window is R lens . During operation, water pressure p is applied to deform the PDMS membrane to a hemispherical shape with apex height H. The radius R and spherical angle ϕ max of the hemisphere are obtained
The principal stretches in meridional and circumferential directions are
The principal stretch in the thickness direction is λ z = 1/ (λ r λ θ ).
The principle of virtual work is used to determine the relationship between the applied pressure p and the geometry of the deformed tunable lens. Integrating W over the PDMS volume V , the strain energy of the deformed hemispherical lens is obtained as
where
, andr = r/R lens .
The virtual work done by the applied pressure is
which is equal to the variation of the strain energy 2πR 2 lens t lens
It gives the applied pressure normalized by Gt lens /R lens in terms of ϕ max as pR lens (6) where G = 2C 1 is the shear modulus.
In practice, fabrication of PDMS membrane and assembling of the system induce compressive prestrain ε 0 (e.g. −2%) in the initial state. To account for the effect of prestrain, the initial radius of the PDMS membrane corresponding to the tunable lens prior to prestrain should be R lens / (1 + ε 0 ). Then the principal stretches are expressed as:
The applied pressure in Eq. (6) becomes (8) where , results from linear elastic model also gives accurate prediction when deformation is small, but deviates from the experiment significantly when deformation is large.
Mechanics of tunable detector
Figure 2(c) shows the schematic illustration of the tunable detector. The tunable component is a PDMS membrane (thickness t sub and radius R sub ) with integrated silicon photodetectors. By controlling water pressure in the chamber, the detector is deformed to a concave hemispherical shape of apex height H, Source: Reproduced with permission from Ref. [50] .
© 2013, ASME radius R, and spherical angle ϕ max . The radius and spherical angle can be expressed as
Let f denotes the fill factor of photodetectors on the PDMS membrane, i.e. areal fraction of photodetectors. The total length of photodetectors and that of PDMS uncovered by photodetectors can be expressed as fR sub and (1 − f )R sub , respectively. When water pressure p is applied, the total length of PDMS uncovered by photodetectors (1 − f )R sub increases to Rϕ max − fR sub . However, the length of PDMS underneath photodetectors changes negligibly, since tensile stiffness of the silicon photodetectors is several orders of magnitude larger than that of PDMS. Therefore, the principal stretches of PDMS uncovered by the detectors are obtained as
Considering the tensile prestrain ε 0 (e.g., 2%) induced during integrating detectors onto the stage, the principal stretches of PDMS uncovered by photodetectors in the meridional and circumferential directions are given as
Integrating strain energy density over the volume of PDMS uncovered by photodetectors, the total strain energy is obtained as
where Source: Reproduced with permission from Ref. [50] .
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The normalized applied pressure can be obtained by principle of virtual work as
The curves in Fig. 2(d) show the relationships between normalized apex height H/R sub , versus the normalized pressure, pR sub /(Gt sub ), for prestrains ε 0 = 0% and 2%. The theoretical prediction is compared with the experimental results for R sub = 8 mm, t sub = 0.4 mm and fill factor f = 30%. As shown in the figure, the results show good agreement when 2% prestrain is considered in the theory [42] .
Once the deformation of the hemispherical detector surface is determined, the positions of photodetectors on the deformed surface can be predicted by a simple but fairly accurate model. The cylindrical coordinates of a photodetector at the initially flat configuration are (r, θ , z), with the origin at the center. Since the system layout is approximately axisymmetric, the cylindrical angle θ is assumed to keep constant during deformation. When the detector is deformed to a hemispherical surface, the cylindrical coordinates of this photodetector change to
, where
Positions of photodetectors predicted by Eq. (14) are compared with experiment in Fig. 3 . In experiment, the thickness and radius of PDMS membrane are 0.4 mm and 8 mm, respectively. Figure 3 presents the top view of the photodetector positions when apex height H = 2.87 mm [42] . Results from analytical, experimental, and FEA studies show good agreement, except for some deviation at the four corners. Deviation at the four corners is probably due to excessive confinement.
Mechanics of artificial compound eye camera
Many living organisms in nature (e.g. insects and crustaceans) see the world by means of compound eyes, which possess superior imaging characteristics, such as extremely large field of view angle, acute sensing to motion, and infinite depth of field [7] [8] [9] . Recently, compound eye-inspired imaging systems have attracted a lot of attention due to the huge potential in medical, industrial and military applications [5, 44] . Song et al. [43] have successfully realized a digital camera resembling the structure and function of apposition compound eyes commonly found in arthropod. Figure 4(a) schematically illustrates the fabrication processes. The compound eye camera was composed of two sub-systems, the stretchable microlens array (the optical subsystem) and the stretchable photodiode array (the electronic subsystem). The stretchable PDMS (Sylgard 184) microlens array was consisted of densely packed microlenses, each sitting on a supporting post and joined by a continuous elastomeric base membrane. The stretchable photodiode array adopted an open mesh layout to enable superior stretchability while keeping optoelectronic performance of otherwise fragile silicon. Both arrays were firstly fabricated and combined at their planar configurations, and then transformed into a nearly full hemispherical shape via a hydraulic mechanism. The hemispherical hybrid system is shown in Fig. 4(b) . The surface is densely populated by 180 imaging elements (i.e. ommatidia), comparable to the eyes of fire ants and bark beetles.
During the geometrical transformation, very large deformation is introduced into both the microlens and photodiode arrays. FEA results show that the maximum strain in the whole microlens array can reach as large as 50%, as shown in the right frame of Fig. 4(c) . Under such large deformation, it is critical to ensure no fracture in silicone photodetectors and precise alignment between the photodiodes and microlenses, for the compound eye camera to operate properly. To achieve these goals, the optical and electrical sub-systems are only partially bonded at the positions of the photodetectors to maintain optical alignment, and also to allow free movement and deformation of the serpentine interconnects to minimize the effect on the overall mechanics. In addition, to maximum the stretchability in the photodetector array, serpentine shapes are adopted for electrical interconnects to maximize stretchability. This design strategy can help keep the strains in photodetectors well below the fracture strain (e.g. 1% for silicon). As shown in the left frame of Fig. 4(c) , the maximum strain in the silicon photodetector maintains below 0.3%, even when the system is stretched by 50%.
Another challenge is how to design the optical sub-system such that it can be mechanically stretched to very large extent without deteriorating the optical performance. In this work, strain isolation design concept is adopted, with each microlens sitting on a cylindrical supporting pedestal connected to a continuous PDMS base membrane. By using such a design, the deformation induced by stretching the base membrane can be effectively decoupled from the microlenses, and therefore no adverse effects are introduced to the optical properties. As shown in the left frame of Fig. 4(c) , the peak strain in the microlens is less than 2% even when geometrical transformation induces 50% stretch in the base membrane.
By adopting designs as discussed above, both the microlens and photodetector arrays can be stretched extensively without affecting their optical and electrical performances. Therefore, the hemispherical, apposition compound eye camera can realize superior imaging characteristics. © 2013, Nature Publishing Group. different objects (a triangle and a circle) simultaneously located in front of the camera. At first, these two objects are placed at the same distance to the camera but with different angular positions. Both objects can be clearly captured by the camera simultaneously, which illustrates large field of view angle of this camera. Next, the circle is moved away from the camera while the position of the triangle is fixed. Even now, the camera can still form clear pictures of both objects simultaneously. This simple experiment demonstrates that such a camera has the ability to capturer multiple objects in the field of view even when they are of very different angles and distances. Figure 5(a)-(c) schematically illustrates the geometrical transformation of the elastomeric microlens array from planar to hemispherical shape, by using hydraulic actuation. As shown in Fig. 5(a) , the array is secured by a stiff ring of radius R 1 above a water chamber with a circular opening of radius of R 2 . The inner edge of the ring is rounded, with radius r 0 . Water pressure inside the chamber deforms the PDMS membrane into a hemispherical cap, as shown in Fig. 5(b) . During deformation, due to thickness reduction in the PDMS caused by stretching, sliding occurs between the PDMS and the stiff ring in the region highlighted by red in Fig. 5(c) .
Mechanics of geometrical transformation of the compound eye camera
A uniform PDMS membrane is used to approximate the response of the microlens array. When water pressure is applied, the base membrane deforms to be a hemisphere with the peak deflection H. The radius of the hemisphere R and spherical angle ϕ max are expressed as © 2013, Nature Publishing Group.
The separation point A ′ in the deformed configuration is where the membrane separates from the stiff ring. Its cylindrical coordinate is
The radial coordinate of point A in the initial configuration corresponding to A ′ is
For any material point initially at (r < r A , θ , 0), it moves to a new position on the hemispherical cap with a polar angle ϕ = 
The point B ′ is the connecting point in the deformed configuration between the flat region and the curved region in contact with the stiff ring. The radial coordinate of its corresponding point B in the initial configuration is
The contact region between the PDMS and the stiff ring consists of two parts, the flat region (r B ≤ r ≤ R 2 ) and the curved region (r A ≤ r ≤ r B ). The principle stretches in the curved region are
The principle stretches in the flat region are By adopting Yeoh hyperelastic model, the elastic strain energy in the PDMS membrane is obtained as
The work done by the hydraulic pressure p is
, and V is the volume enveloped by z = 0 plane and the deformed membrane, as shown in Fig. 5(b) . By applying the principle of minimum potential energy, the relationship between the peak deflection H and pressure p is p = δU e δV = ∂U e /∂h ∂V /∂h . 
Mechanics and optics of stretchable elastomeric microlenses
For the compound eye camera, one key mechanics design is adopting strain-isolation concept in the stretchable microlens array by introducing the supporting post between each microlens and the base membrane. As the height of supporting post increases, the overall strain level in the microlens is expected to decrease. On the other hand, the photodetector should be placed at the focal point of the microlens to gain best imaging performance. So the summation of hemispherical microlens radius, supporting post height and the base membrane thickness should be equal to the focal length of the microlens. Therefore, it is critically important to properly design an elastomeric microlens array that can be mechanically stretched to very large extent without introducing adverse effect to the optical performance.
Here, the radius of the microlens is fixed, so the summation of the supporting post height h and base membrane thickness t will be kept constant to meet optical requirements. However, their ratio h/t can be engineered to change the mechanics. Due to the periodic nature of the whole structure, one unit cell (i.e. artificial ommatidium) that contains a microlens, supporting post and base membrane is chosen to conduct FEA. During geometrical transformation of the microlens array from flat to hemispherical shape, the strain at the periphery is uniaxial and the strain at the center is equibiaxial. Therefore, both uniaxial and equibiaxial stretching are considered. Figure 6(a) and (b) show the relationship between the maximum strain normalized by the applied strain in the microlens and the height ratio h/t under equibiaxial and uniaxial tension respectively. Under both equibiaxial and uniaxial tension, the normalized maximum strain in the microlens decreases dramatically as the ratio h/t increases. Once the ratio h/t is larger than 1, the maximum strain in the microlens is negligibly small. It was also shown that the surface profile of the deformed microlens can be very well fitted by a hemispherical cap. The relationships between the radius of the hemispherical cap and the height ratio, under equibiaxial and uniaxial tension are presented in Fig. 6 (c) and (d), respectively. Under equibiaxial tension, the radius of the microlens increases, but the shape keeps hemispherical. However, when uniaxial tension is applied, the shape of the microlens changes to be oblate, which can be characterized by major and minor axes, R x and R y . It is also clearly demonstrated by Fig. 6 (c) and (d) that once the height ratio h/t is greater than 1, the change in the surface profile of the microlens is negligible. Based on the results from mechanics simulations, optical raytracing simulation is used to study the change in optical properties (e.g. focal length and image spot) of the microlens unit cell subject to stretching. Figure 7 (a) and (b) show the curves of focal length of the microlens normalized by that of undeformed microlens versus the height ratio h/t under equibiaxial and uniaxial tension, respectively. Under equibiaxial tension, the focal length is larger than that of the undeformed microlens, but it decreases rapidly as the height ratio increases. Once the height ratio is larger than 1, the focal length is equal to that of undeformed microlens. Similar trend can be seen when uniaxial tension is applied, as shown in Fig. 7(b) . The influence on imaging characteristics of the microlens is presented in Fig. 7(c) and (d) , when the microlens is subject equibiaxial and uniaxial tension, respectively. The geometry of image spot of the light beam focused by the microlens is important for the design of photodetectors. The inset in Fig. 7(c) shows the shapes of two image spots focused by the microlens with and without supporting post under equibiaxial tension. The difference in size is significant. The spot radius normalized by that of the undeformed microlens versus the height ratio is exhibited in Fig. 7(c) . The spot size quickly decreases as the height ratio h/t increases, and it reaches the spot size of the undeformed lens once h/t is greater than 1. Figure 7 (d) presents normalized major radius of spot and the ratio of minor radius over major radius (b/a) versus the height ratio h/t. The spot size quickly approaches that of undeformed microlens as h/t increases. Once h/t is greater than 1, the effect of stretching on imaging is negligible.
Conclusion and discussion
This article has reviewed the progress in mechanics of bioinspired imaging systems, including the dynamically tunable hemispherical eyeball camera and the artificial compound eye camera. Mechanics analysis illustrates the relationships between the deformation of the tunable lens and tunable detector and the hydraulic pressure, which can be used for not only designing the tunable electronic eyeball camera, but also guiding the system operation. A simple mechanics model is also established to track the positions of photodetectors on the dynamically deforming hemispherical surface, which is critically important for image post-processing. For the artificial compound eye camera, the relationship between the deformation of the hybrid system and the actuation pressure is also given by an analytical mechanics model. Computational mechanics and optics study on stretchable microlens provides important guidance for designing elastomeric microlens arrays that can sustain very large strain without sacrificing the optical performance. The results and models reviewed in this article can provide important guidance for the design of similar systems, and can also find applications in other systems that require dynamical tunability, stretchable optoelectronics and optics.
It is also notable to mention that in the systems reviewed here, the geometrical transformation requires external actuation, such as hydraulic mechanisms. Recent research in soft active materials might potentially broaden the application range of stretchable optoelectronics [51] [52] [53] [54] [55] [56] [57] , since they can deform by themselves in response to environmental stimuli. For example, SMPs can recover as large as 400% programmed strain in response to different environmental stimuli, such as heat, humidity and magnetic field [51, 54] . The effect of strain on optics was eliminated in the design of stretchable elastomeric microlens array as reviewed in this article, however, it could be useful in other applications. For example, recent studies have shown that tunable optics can have many interesting applications, and the mechanisms can be used to tune optics include strain [32, 33] , electrowetting [38] , hydraulics [34, 35, 42] , dielectric [39] and electromagnetic actuation [40] .
